The heterodimeric nuclear cap-binding complex (CBC) binds to the mono-methylated 5 0 cap of eukaryotic RNA polymerase II transcripts such as mRNA and U snRNA. The binding is important for nuclear maturation of mRNAs and possibly in the first round of translation and nonsense-mediated decay. It is also essential for nuclear export of U snRNAs in metazoans. We report characterization by fluorescence spectroscopy of the recognition of 5 0 capped RNA by human CBC. The association constants (K as ) for 17 mono-and dinucleotide cap analogs as well as for the oligomer m Higher affinity for CBC is observed for the dinucleotide compared with mononucleotide analogs, especially for those containing a purine nucleoside next to m 7 G. The mRNA tetramer associates with CBC as tightly as the dinucleotide analogs. Replacement of Tyr138 by alanine in the CBP20 subunit of CBC reduces the cap affinity except for the mononucleotide analogs, consistent with the crystallographic observation of the second base stacking on this residue. Our spectroscopic studies showed that contrary to the other known cap-binding proteins, the first two nucleotides of a capped-RNA are indispensable for its specific recognition by CBC. Differences in the cap binding of CBC compared with the eukaryotic translation initiation factor 4E (eIF4E) are analyzed and discussed regarding replacement of CBC by eIF4E.
INTRODUCTION
The 5 0 terminal cap structure m 7 G(5 0 )ppp(5 0 )N (Scheme 1), N = G, A, U, or C, of nascent eukaryotic RNA polymerase II transcripts, e.g., pre-mRNA and U snRNA, is bound in the nucleus by the nuclear cap-binding complex (CBC). CBC is a tight heterodimer composed of two polypeptides, CBP80 and CBP20, highly conserved from yeast to man. This RNAprotein complex plays an active role in pre-mRNA splicing, 3 0 -end formation, and RNA nuclear export (for review, see Lewis and Izaurralde 1997) . In particular, CBC is required for efficient splicing of the cap proximal intron by facilitating U1 snRNP association with the 5 0 splice site (Izaurralde et al. 1994 ; Lewis et al. 1996) and enhances 3 0 -end formation by increasing the efficiency of the first step of that process, i.e., endonucleolytic poly(A) site cleavage . In multicellular organisms CBC is also required for nuclear export of U snRNA (Hamm and Mattaj 1990) as some steps of the U snRNP assembly occur in the cytoplasm. The CBC/capped U snRNA complex interacts with the PHAX protein (PHosphorylated Adapter for RNA eXport), which, when phosphorylated, binds to the receptor Crm1-RanGTP leading to nuclear export (Izaurralde et al. 1995; Ohno et al. 2000) . Although CBC is exported with mRNA in yeast and vertebrate cells, it is not required for the transport process but has a stimulatory effect on it (Visa et al. 1996 ; Shen et al. GpppG, P 1 -7-methylguanosine-5 0 P 3 -guanosine-5 0 triphosphate, and similarly other dinucleoside triphosphates; EDTA, ethylenediaminetetraacetic acid; DTT, dithiothreitol; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; wt, wild type.
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. Cytoplasmic CBC is rapidly reimported to the nucleus, leading to a steady-state localization that is predominantly nuclear. CBC recycling occurs by the importin-a pathway (Flaherty et al. 1997) .
Both subunits of CBC, CBP80 (780 residues in human) and CBP20 (156 residues in human), are essential for binding cap (Izaurralde et al. 1994) . The binding specificity of CBC purified from HeLa nuclear extract was tested by using different cap analogs as competitive inhibitors (Izaurralde et al. 1994) . Both m GTP has the highest observed affinity (Cai et al. 1999; Niedzwiecka et al. 2002a) .
The three-dimensional structure of human CBC has been solved at about 2 Å resolution for apo-CBC (Mazza et al. 2001; Calero et al. 2002) and for the m 7 GpppG-bound protein (Calero et al. 2002; Mazza et al. 2002a ). CBP80 consists of three entirely helical domains (called MIF4G domains), connected by two extended linkers. Each domain is arranged in five or six successive helical hairpins. The smaller subunit, CBP20, binds the mRNA 5 0 cap only in the presence of CBP80 (Izaurralde et al. 1994 ). CBP20 has a core RNP domain that binds via its helical surface to CBP80. Binding of m 7 GpppG induces a remarkable cooperative folding of $50 residues belonging to the N-and C-terminal parts around the cap, which lies on the b-sheet surface of the RNP domain. Cap binding is stabilized by numerous hydrogen bonds with the base and ribose moieties of m 7 G and with the phosphate oxygen atoms, by sandwich stacking of the m 7 G in between Tyr43 and Tyr20, and by stacking of the second G with Tyr138 (Scheme 2) (Calero et al. 2002; Mazza et al. 2002a ). CBP20 shares a fundamental feature of the m 7 G recognition with other cap-binding proteins, eIF4E (Marcotrigiano et al. 1997; Matsuo et al. 1997; Niedzwiecka et al. 2002a; Tomoo et al. 2002) and vaccinia virus 2 0 -O-methyltransferase VP39 (Hu et al. 1999) , this being the sandwiching of 7-methylguanine between two aromatic amino acid sidechains.
To gain detailed insight into the formation and stability of the CBC-capped RNA complex, precise measurements in solution are necessary in addition to the three-dimensional structure derived from crystallography. Our previous studies on interactions of eukaryotic translation initiation factor 4E (eIF4E) with structurally selected cap analogs (Niedzwiecka et al. 2002a ) and analysis of the crystal structures of the eIF4E-cap complexes (Marcotrigiano et al. 1997; Matsuo et al. 1997; Niedzwiecka et al. 2002a; Tomoo et al. 2002) revealed contributions of single structural modifications to the standard Gibbs free energy of the binding (DG ). This, together with an environmental (Niedzwiecka et al. 2002a) , thermodynamic (Niedzwiecka et al. 2002b (Niedzwiecka et al. , 2004 , and kinetic (Blachut-Okrasinska et al. 2000) characterization of complex formation and stability revealed a two-step mechanism of the intermolecular recognition between eIF4E and the mRNA 5 0 terminus (Niedzwiecka et al. 2002a) , as well as the influence of eIF4E phosphorylation on the eIF4E-cap association (Zuberek et al. 2003) . In this article we present the first quantitative study in solution on binding of structurally modified cap analogs to the wild-type and Y138A mutated CBCs using the fluorescence titration approach (Niedzwiecka et al. 2002a) .
RESULTS
Interaction between the cap analogs and CBC results in quenching of the protein fluorescence, as shown in Figure 1 . The association constants (K as ) and the corresponding Gibbs free energies of binding (DG ) are collected in Table 1 , and the latter are graphically visualized in Figure 2 . It is striking, that CBC significantly prefers to bind the dinucleotide, N7-methylated cap analogs compared with the mononucleotide analogs (Fig. 1A) , except for the di-and trimethylated caps that contain one or two methyl substituents at the N 2 amino group of 7-methylguanosine, respectively (Fig. 1B) . The average binding energy of the dinucleotides in the bipartite CBC binding center is less by $1 kcal/mol than that for m 7 GTP. This corresponds to increase of K as by one order of magnitude. Replacement of methyl at N7 by a larger ethyl group decreases the binding affinity by twofold for both mono-and dinucleotide caps, probably due to steric hindrance. Methylation at the 2 0 -hydroxyl of the second nucleoside has no effect on the m GpppA, but methylation of adenosine at the N 6 -amino group causes a marked increase of K as .
The mononucleotide versus dinucleotide analogs that are additionally methylated at the exocyclic amino group (N 2 ) differ distinctly in the binding to CBC (Table 1) . Whereas for the dinucleotides the methyl substitution of either one proton or two protons at the amino group results in a dramatic $100-fold reduction of K as (decrease of the binding energy DG by $2.5 kcal/mol), the changes of K as due to the methylation of the corresponding mononucleotides are less than twofold (decrease of DG only by $0.3 kcal/mol). Thus, N GpppA with similar affinity (Table 1) , which seems to preclude the possibility of the reverse type of binding. In contrast to the di-nucleotide analogs, methylation of the N 2 amino group in the mononucleotide analogs only slightly affects their affinities to CBC. The total fluorescence-quenching pattern confirms this difference. A weak fluorescence quenching Q of 5% is observed for m 3 2,2,7 GTP, while it is up to 12% for m 3 2,2,7 GpppG (Fig. 1B ). These observations show that CBC binds mono-and di-nucleotide cap analogs quite differently. The absence of the second nucleotide appears to weaken the discrimination by CBP20 of bases other than the cognate m 7 G. This is likely due to the incomplete folding of the CBP20 N-and C-terminal extensions in the absence of the second nucleotide, allowing more latitude in the orientation of the first base so as to avoid unfavorable contacts. SCHEME 2. Schematic representation of the stabilizing contacts in the CBC cap-binding center (Mazza et al. 2002a) , Protein Data Bank accession number 1h2t, using LIGPLOT (Wallace et al. 1995) . The interatomic distances are in Å .
www.rnajournal.org 1357 To shed some light on the nature of the interaction of the first transcribed nucleotide in the mRNA chain with Tyr138 of CBP20 (Scheme 1) we have run titration of the Y138A CBC mutant with some selected cap analogs ( (Table 1) . This proves that no more than the first two nucleotides at the mRNA 5 0 terminus are responsible for the tight specific interaction with CBC. However, further nucleotides may be involved in nonspecific contacts with the protein. The resulting small difference in the affinity of dinucleotide and that of the tetramer can be ascribed to an entropic cost of ordering the oligonucleotide chain upon the binding.
The observed changes of fluorescence intensity of CBC upon the binding of a cap analog are up to $15% (Fig. 1) . The quenching of the CBC fluorescence in the titration experiments most probably arises from changes of the emission of the tyrosines involved in the stacking interactions with cap and/or of the tryptophan emission due to conformational rearrangements of the protein upon formation of the complex. Determination of K as from the fitting procedure is possible due to high sensitivity of the intrinsic protein fluorophors to their local environment. Our method of averaging lnK as (see Materials and Methods) provides reliable values of K as and DG even for few series of titration, due to the symmetric Gaussian type of distribution (Fig. 3) .
DISCUSSION
Application of precise spectroscopic methods to study the CBC-cap interaction enable us to complement and extend the crystallography-based structural view by a quantitative approach in terms of free energy of the association. Analysis of the crystallographic structures of the apo-and m 7 GpppG-bound CBC (Mazza et al. 2001 (Mazza et al. , 2002a Calero et al. 2002) revealed a large induced fit that involves ordering and stabilization of C-and N-terminal amino acids of CBP20 around the bound dinucleotide, accompanied by numerous additional inter-and intra-subunit interactions. A possible mechanism of the cap-binding process was proposed on the basis of the crystallographic data (Calero et al. 2002; Mazza et al. 2002a) . In short, the conformationally stable part of CBP20, the RNP domain containing Tyr43, is an anchoring platform for the initial binding of m 7 G, and the folding of the CBP20 domains leads to crucial stacking of 7-methylguanine with Tyr20, followed by the final stabilization of the second nucleotide (Mazza et al. 2002a) .
The fluorescence data support this model but additionally show that full discrimination of the first nucleotide is only achieved upon binding of the second nucleotide. Such a strong involvement of the first transcribed nucleotide in the cap recognition is a unique feature of CBC compared with the other known cap-binding proteins, e.g., eIF4E (Marcotrigiano et al. 1997; Matsuo et al. 1997; Niedzwiecka et al. 2002a; Tomoo et al. 2002) or viral methyltransferase VP39 (Hu et al. 1999) . Comparison of strength of the CBC binding to the mono-and dinucleotide 5 0 cap analogs as well as to the dinucleotide analogs and the tetramer clearly shows that the protein specifically recognizes the first two nucleotides in capped RNA. The presence of the second nucleotide is indispensable for formation of the tightly bound complex, even if the stacking of the second base with Tyr138 is missing. The dinucleotide analogs have greater affinity than do the mononucleotide analogs, three-to eightfold for the wild-type CBC, depending on the stacking ability of the second base, and approximately threefold for the Y138A CBC mutant. Therefore, in addition to the stacking with Tyr138, the second nucleoside of the cap must be stabilized by other nonspecific van der Waals contacts in the protein-binding center. The presence of the second nucleotide may also help to constrain the position of the third phosphate.
Stabilization of the CBC-cap complex by interactions involving the N 2 amino group of m 7 G (Scheme 2) is crucial for the anchoring step (Mazza et al. 2002a) , as suggested by the crystal structure. Indeed, even single methylation of the N 2 -amino group of m 7 G in the dinucleotide analogs precludes efficient binding to both the wild-type and mutated CBC due to disruption of the hydrogen bonds with Trp115 FIGURE 2. Graphical presentation of the Gibbs free energies of the association of the cap analogs with wild-type CBC, the Y138A CBC mutant, and eIF4E. Titrations of eIF4E (Niedzwiecka et al. 2002a , Zuberek et al. 2003 were performed in 50 mM Hepes/NaOH (pH 7.2), 100 mM NaCl vs. 50 mM Hepes/NaOH (pH 7.5), 200 mM NaCl in the case of CBC.
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and Asp116, and substitution of the second methyl is of no further effect. In contrast, methylation of the N 2 -amino group in mononucleotide cap analogs has no effect on the binding showing that the mononucleotide caps, both methylated and unmethylated at N 2 , are bound in a different way in comparison with the dinucleotide analogs and longer capped-RNA fragments. Hence, the spectroscopic results reveal a significant cooperativity of the two parts of the CBC cap-binding center. The two nucleosides forming the cap are not bound independently, and it is only when the second nucleoside of the cap is stabilized by folding of CBP20 into the closed form that full discrimination of m 7 G against say m 2,2,7 3 GTP is fully achieved. The binding specificity of the cap analogs for CBC correlates with their ability to inhibit adenoviral pre-mRNA splicing in vitro and in vivo (Izaurralde et al. 1994) . As determined qualitatively from gel electrophoresis, both m GTP. The results depend on the experimental conditions, e.g., the concentrations of the interacting species. The spectroscopically measured decrease of the affinity of N 2 -methylated analogs and mononucleotide analogs, expressed by K as , is 100-fold and three-to eightfold, respectively (Table 1 ).
An important aspect of the interaction with the second nucleoside concerns the analogs with a methyl group at the 2 0 -hydroxyl of the second nucleoside, m (Table 1) . Thus 2 0 -O-methylation in naturally occurring mRNA 5 0 cap (cap1) does not lead to tighter binding to CBC.
In summary, the most important factor that contributes to specific recognition of cap by several cap-binding proteins, including eIF4E and VP39 (Quiocho et al. 2000) , i.e., the stacking of the sandwiched m 7 G moiety with two aromatic side-chains, also plays a key role for CBC. In the CBCcap complexes, the interaction with the second nucleotide is an additional key element of the specific recognition, and the two sites of the CBP20 cap-binding center, for m 7 G and for the second nucleoside, are highly cooperative.
The affinity of the dinucleotide analogs for CBC is threeto eightfold greater than the affinity of mononucleotides, contrary to eIF4E that binds m 7 GTP with the highest K as of 108 3 10 6 M À1 , compared with K as of 2 3 10 6 M À1 to 8 3 10 6 M À1 for the dinucleotide analogs (Niedzwiecka et al. 2002a ). The translation factor eIF4E binds to cap less tightly than CBC does (Fig. 2) but exhibits greater discrimination between the nucleotides possessing a substituent at N7 and those without such substituent. The corresponding K as values for the binding to eIF4E differ 10 6 -fold, whereas for CBC the difference is <10 3 -fold. Biologically important methylation of the cap N 2 amino group has differing effects on the binding to CBC versus eIF4E. The decrease of K as is $800-fold in the case of eIF4E and $100-fold in the case of CBC. The substitution of one amino proton in m 7 G by a methyl group leads to as great a decrease of the affinity for CBC as the substitution of both protons by CH 3 , whereas single methylation leads to only slight decrease of the cap affinity for eIF4E.
Comparison of the cap-binding modes of CBC and eIF4E (Fig. 2) may have important biological consequences for exchange of CBC by the translation complex eIF4F at the mRNA 5 0 terminus. CBC binds the dinucleotide cap analogs 40-fold stronger ($2 kcal/mol) and the tetranucleotide threefold stronger ($0.6 kcal/mol) than eIF4E (Fig. 2) . Although the titrations of CBC and eIF4E (Niedzwiecka et al. 2002a; Zuberek et al. 2003) were performed at different salt concentrations, 200 mM NaCl and 100 mM NaCl, respectively (Fig. 2) , to ensure optimal binding of the ligands, the elevated ionic strength was shown to decrease the eIF4E-cap association constants (Niedzwiecka et al. 2002a , Zuberek et al. 2004 . Hence, the difference in affinity of eIF4E and CBC for capped-mRNA is even greater in the same buffer conditions. During the CBC-to-eIF4E exchange, the cap transfer occurs from the more to the less tightly binding protein. This process could be mediated by specific interactions between CBP80 and eIF4G (Fortes et al. 2000 , McKendrick et al. 2001 , although it was shown to be dispensable for translation in yeast (Baron-Benhamou et al. 2003) . The latter large, adaptor protein eIF4G is bound to eIF4E within the eIF4F complex that is essential for both in vivo and in vitro translation (for review, see von der Haar et al. 2004) . The role of a transient eIF4E-eIF4G-CBP80 interaction might be to decrease the affinity of CBC for cap through destablization of the CBC-cap complex (Fortes et al. 2000) . In contrast, the interaction between eIF4E and eIF4G was found to increase the cap affinity for eIF4E (Haghighat and Sonenberg 1997; Gross et al. 2003) . (Ishigaki et al. 2001) . The pioneer translation initiation complex is functionally distinct from but structurally overlaps with the steady-state translation initiation complex (Chiu et al. 2004 ). There are some suggestions that the replacement of CBC to eIF4E can occur in the mammalian nucleus (Wilkinson and Shyu 2002) , but the exact mechanism and location of the process remains to be elucidated.
MATERIALS AND METHODS

Synthesis of cap analogs
The mono-and dinucleotide cap analogs (Scheme 1) were synthesized as reported previously (Darzynkiewicz et al. 1985 (Darzynkiewicz et al. , 1990 Jankowska et al. 1993 Jankowska et al. , 1996 Stepinski et al. 1995) . The tetranucleotide, m trimer, one synthesized according to the method of Zuberek et al. (2003) , and the other purchased from TriLink BioTechnologies. A mixture of ammonium salt of the trimer (1.1 mg, 1 mmol), sodium salt of P 2 -imidazolide 7-methylguanosine 5 0 -diphosphate (2.7 mg, 5 mmol) (Sawai et al. 1999) , and ZnCl 2 (14 mg, 0.1 mMol) in dimethylformamide (0.3 mL) was stirred for 24 h at room temperature. The reaction mixture was diluted with 1.5 mL of EDTA (3.7 mg, disodium salt) solution in water. The capped product was purified by HPLC (Spectra-Physics SP8800) using a reverse phase Supelcosil LC-18-T column (25 cm + 2 cm guard) and eluted with a linear gradient of methanol, 0%-25% in 0.05 M ammonium acetate (pH 5.9) for 15 min, followed by 15-min elution keeping the final concentration of methanol. The final product m Expression and purification of wild-type and mutant CBC Expression, purification, and assembly of wild-type CBC was performed as described earlier (Mazza et al. 2002b) . Alanine mutagenesis of CBP20 (Y138A) was carried out according to the method of Mazza et al. (2002a) .
Spectroscopic measurements and data analysis
Fluorescence titrations were performed on an LS-50B spectrofluorometer (Perkin Elmer Co.) in 50 mM Hepes/NaOH (pH 7.5), 200 mM NaCl, 0.2 mM EDTA, and 10 mM DTT, at 20 6 0.2 C as described previously (Niedzwiecka et al. 2002a ). Aliquots of 1 mL of increasing concentrations of the cap analog solutions were added to 1000 mL of 0.05 mM CBC. Fluorescence intensities (excitation at 275 nm, detection at 336 nm for most of the cap analogs; 290 nm/330 nm for hypermethylated dinucleotide cap analogs) were integrated over 30 sec, with a break of 30 sec for the ligand addition. The data were corrected for the sample dilution (<4.5%) and for the inner filter effect (Lakowicz 1999) . Equilibrium association constants (Kas) were determined by fitting of the theoretical dependence of the fluorescence intensity (F) on the total concentration of the cap analog ([L] ) to the experimental data points according to the equation:
where F(0) is the initial fluorescence intensity; Df, difference between the fluorescence efficiencies of the apo protein and the complex; f lig-free , the fluorescence efficiency of the free cap analog; and [cx], the equilibrium concentration of the cap-CBC complex is given by:
where [P act ] is the concentration of the active protein.
The numerical least-squares nonlinear regression analysis was performed by using ORIGIN 6.0 (Microcal Software Inc.). The final K as values were calculated as weighted averages (Brandt 1999 ) of ln(K as i ), where K as i is the association constant from a single titration i. The experimental error of the averaged K as value was calculated from the Student t-distribution (Brandt 1999) :
where N is the number of independent K as values and t ,N is the factor of the Student's t-distribution corresponding to the confidence interval a = 0.6826 (Brandt 1999 ; has been used due to the entropic effects.
Total quenching (Q) was calculated from the fitting curves according to: Shen, E.C., Stage-Zimmermann, T., Chui, P., and Silver, P.A. 2000.
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